Increased activity of muscle metaboreceptors (afferents sensitive to muscle contraction that are responsible for the ventilatory responses to exercise) has been proposed in patients with chronic heart failure (CHF) to constitute a missing link between muscle metabolic abnormalities and exercise overventilation. We looked at this reflex overactivation to determine if it is systemic or limited to a single muscle region in the same human subject. This was done by comparing the metaboreflex response of ventilatory control in the lower and upper limbs in CHF patients and healthy controls. Groups of 15 stable CHF patients (63.7p2.7 years) and eight control subjects (69.8p1.8 years) performed both leg and arm metaboreflex tests. These metaboreflex tests involved two 5 min episodes of bicycle or handgrip exercise : on one occasion after the exercise the subjects recovered normally, while on the other occasion tourniquet cuffs were inflated around the exercising limb to supra-systolic pressure at the onset of recovery to obtain a regional circulatory occlusion, which isolates and maintains the stimulation of the metaboreflex after exercise. The contribution of the metaboreflex to exercise ventilation was computed as the absolute increment of peak ventilation that was maintained by regional circulatory occlusion. The metaboreceptor contribution to the ventilatory response to both leg exercise (patients, 5.3p1.6 litres/min ; controls, 0.2p0.7 litres/min) and arm exercise (patients, 3.7p1.0 litres/ min ; controls, 0.02p0.4 litres/min) was significantly higher in CHF patients (P 0.05). A significant correlation was present between metaboreflex responses to arm and leg exercises (r l 0.4,P 0.05).Metaboreflexresponsesduringbothtypesofexercisewereinverselycorrelated with peak oxygen uptake (leg, r lk0.43, P 0.05 ; arm, r lk0.633, P l 0.0009), but only the reflex during arm exercise was correlated with the V } E (ventilation)/V } CO 2 (CO 2 production) slope (r l 0.576, P 0.005). Thus the metaboreflex system is systemically overactive and may potentially contribute to exercise intolerance during both lower-and upper-limb efforts in CHF. This suggests a unique mechanism responsible for overactivation of this system in the skeletal muscle of heart failure patients.
INTRODUCTION
Chronic heart failure (CHF) is a multi-organ syndrome with a high morbidity rate and has symptoms of When work is performed, metabolites are released from the exercising muscle. These metabolites stimulate myelinated Group III and unmyelinated Group IV nerve endings, which are termed metaboreceptors. Stimulation of these nerves leads to a reflex increase in blood pressure and ventilation. It has been proposed that the altered peripheral muscle metabolism characteristic of this syndrome, with early acidification and lactate production, may lead to an overactivation of this reflex. The demonstration of the presence of this reflex in both the upper and lower limbs under physiological conditions [5] and in subjects with CHF [6] [7] [8] has lent support to this hypothesis. However, controversy exists concerning the role of muscle afferents in generation of symptoms in CHF. Studies have investigated the contribution of the metaboreflex to the ventilatory response to exercise in either the leg or the arm, but without consistent results [5] [6] [7] [8] [9] [10] [11] . A positive metaboreflex response in CHF has been demonstrated in forearm muscles [6] and in the small muscles used in dorsiflexing the foot [7] . However, controversial evidence has been published with regard to metaboreceptor activation in the leg [9, 12] . In different studies, we have demonstrated the contribution of leg [8] and arm [6] metaboreceptor activity to the ventilatory response in CHF patients, while others have not confirmed such a role [9] . The possibility of selective activation of this reflex cannot be excluded, which, if confirmed, may jeopardise the muscle hypothesis of symptom generation in CHF [1] .
Our aim was to investigate whether there is a systemic activation of the metaboreflex in the skeletal muscles of patients with CHF. If this is the case, the presence of a common mechanism involved in systemic metaboreflex overactivation may be hypothesized ; alternatively, there may be a different mechanism during lower-or upperlimb exercises, which may explain the differences observed in different clinical settings. Furthermore, we investigated the contribution of the muscle reflex in both the leg and the arm to the reduced O # consumption and increased ventilation upon exercise, which are important prognostic features in this syndrome. To do this, we planned a study to compare the metaboreceptor responses during lower-and upper-limb exercises in the same human subject in a group of patients with moderate to severe CHF and in a control healthy group.
METHODS

Study population
We studied 15 patients with stable CHF and eight agematched normal healthy control subjects (Table 1 ). All patients were clinically stable without change of medication in the 3 months prior to the study. None were on an exercise-training programme or had any significant chronic lung disease, valvular heart disease or neuro- All patients were recruited consecutively from the outpatient Heart Failure Clinic at our institution, while control subjects were recruited from ' The 316 Club ', which is composed of ex-members of the executive of British Aerospace at Stevenage (U.K.). The study was carried out in accordance with the Declaration of Helsinki, and it was approved by the local ethics committee. All subjects gave written informed consent.
Protocol
All experimental sessions were carried out in a temperature-controlled air-conditioned room. The subjects were asked to avoid strenuous physical activity for 24 h before the tests, and to refrain from eating and smoking for 3 h before the test. Subjects rested for 30 min in a quiet environment.
After clinical screening, the subjects performed at least two maximal, symptom-limited cardiopulmonary ex-Skeletal muscle metaboreflexes in the arm and leg in heart failure ercise tests using a modified Bruce treadmill protocol (stage 0 ; 1.0 mile\h at 5.0 % gradient), and respiratory gases were monitored using breath-by-breath analysis with a mass spectrometer. Two tests were performed to determine exercise capacity and to familiarize the subjects with the laboratory environment.
Metaboreceptor test
The contribution of the muscle metaboreceptors was evaluated by post-exercise venous and arterial regional circulatory occlusion (RCO), i.e. by trapping the metabolites in the exercising muscle after exercise. This protocol has been shown to fix the metabolic state of the muscle and to maintain and isolate the activation of the metaboreceptors [6, 8] . The leg and arm metaboreflex studies were performed on separate days (2-5 days apart). Figure 1 shows the protocol design.
Leg test
The evaluation of metaboreflex activity involved two leg exercise bouts, performed in random order. (i) One exercise period comprised a 5 min session of cycling on a cycle ergometer (ERG 601 ; Bosch). During the first 1 min the workload was increased from unloaded (0 W) to a load (30-70 W) that produced 60-70 % of the previously determined peak O
). This was then maintained for 5 min. Gas exchange was recorded throughout the test, during exercise and for 3 min of recovery. (ii) In the other session, the same protocol was followed, immediately from the cessation of exercise, by 3 min of RCO, achieved by inflation of bilateral upperthigh tourniquets to 30 mmHg above systolic pressure [7] (Hokanson E20 Rapid Cuff Inflator and AG101 Cuff Inflator ; Air Source, Bellevue, WA, U.S.A.). A rest period of 8 min separated the two bouts of leg exercise.
Arm test
The evaluation of the metaboreflex activity in the arm followed the same protocol as described above for the leg metaboreflex test, involving two exercise sessions, performed in random order. (i) A 5 min session of rhythmic handgrip contractions, achieved by squeezing the balloon of a sphygmomanometer until 50 % of the predetermined maximal capacity (which was obtained by the subject performing two maximal single handgrip contractions) was reached at a frequency of 30 squeezes\min. (ii) The same protocol was followed, immediately from the cessation of exercise, by 3 min of RCO, achieved by inflation of an arm tourniquet to 30 mmHg above systolic pressure [5] .
Data collection
During all tests, subjects breathed through a mouthpiece and wore a nose clip. Ventilation (V} E ; in litres\min) was measured continuously on-line using a calibrated heated pneumotachograph, while V} O # and carbon dioxide production (V} CO # ) were measured breath-by-breath using a respiratory mass spectrometer (Amis, Innovision, Odense, Denmark).
Statistical analysis
Data are presented as meanpS.E.M. Comparison of the various phases of the test (i.e. the average of the 5 min resting phase, the fifth minute of leg\handgrip exercise and the 3 min recovery periods) between the two groups, with or without RCO, was performed for both leg and arm metaboreceptor tests using the paired or unpaired Student's t-test as appropriate.
The contribution of the metaboreflex to the ventilatory changes was computed in absolute terms (i.e. the difference in the changes in ventilatory variables between mean resting values and the average of the 2-3 min recovery values with and without RCO) and in percentage terms (i.e. the difference between values at 2-3 min of RCO and 2-3 min of recovery without RCO, expressed as a proportion of the difference between peak exercise and resting values, for V} E and respiratory rate only) [6, 11] .
Pearson's product-moment correlation coefficient was used to quantify the relationship between the contribution of the metaboreflex to the ventilatory response to leg and arm exercises, and the relationship of the metaboreflex contribution to the ventilatory response to both types of exercise with indices of exercise tolerance (peak V} O # ) and of ventilation (ventilatory equivalent for CO # production ; V} E \V} CO # slope). A P value of 0.05 was considered significant.
RESULTS
All subjects completed the metaboreceptor protocol without complication. Compared with controls, CHF patients had a significantly lower peak V} O # and a higher V} E \V} CO # slope (Table 1) . 
Resting values
Each study group showed reproducible ventilatory and heart rate variables during the two resting periods (before protocols with and without RCO) of both the leg and arm assessment tests (Table 2 ). There was significant over-breathing (i.e. higher V} E values) in CHF patients due to an increased respiratory rate before both leg and arm exercises ; in particular, higher V} E , V} O # and V} CO # values were observed before leg exercise compared with arm exercise in the CHF group (Table 2) .
Exercise values
Both types of exercise significantly increased ventilatory and heart rate variables in comparison with the respective Skeletal muscle metaboreflexes in the arm and leg in heart failure (Table 3) . Reproducible ventilatory and heart rate variables were observed between 4 and 5 min of both exercise runs (with and without subsequent RCO) of leg and arm tests in both controls and CHF patients. Higher ventilatory and heart rate responses were observed during leg exercise in comparison with arm exercise : this was associated with increased workload, as expressed by a significant higher V} O # observed during leg exercise. Furthermore, CHF patients showed higher V} E and respiratory rate responses to both arm and leg exercise in comparison with controls. 
Recovery values
When values between 2 and 3 min of recovery with RCO were compared with those during recovery in the absence of RCO, significant increases were observed in V} E and respiratory rates after both leg and arm exercises in CHF patients (Tables 4 and 5 ). In addition, during the recovery phase, CHF patients showed higher V} E and respiratory rate responses to both arm and leg exercise in comparison with controls (Tables 4 and 5 ). 
Metaboreceptor test
Evident metaboreflex activity to the ventilatory response to exercise was observed during both leg and arm exercises, but the reflex was significantly more active in CHF patients compared with normal controls (Table 6) . Although in absolute values the metaboreflex components to exercise were higher during leg exercise, in relative (percentage) terms the response of V} E to metaboreflex stimulation was significantly greater during arm exercise, for both CHF and control subjects (P 0.05 for arm compared with leg exercise) ( Table 6 ).
Metaboreflex components of the V} E response to leg and arm exercise were significant predictors of reduced exercise tolerance, as described by the peak V} O # values ( Figure 2) ; however, only the metaboreflex component of the response to arm exercise was a significant predictor of the ventilatory response to exercise (i.e. the V} E \V} CO # slope) (Figure 2) . Furthermore, the metaboreflex components of the V} E response to leg and arm exercises were correlated significantly with each other ( Figure 3) ; peak
and V} E \V} CO # showed a significant correlation (r l k0.68, P l 0.0003).
DISCUSSION
We have confirmed the presence of an overactive metaboreflex response to both upper-and lower-limb exercise in CHF patients. This overactive reflex, by inducing overventilation on exercise, may potentially contribute to the reduced exercise tolerance in these patients, as indicated by the inverse correlation with peak V} O # (Figure 2 ) [11] .
A major novel finding of the present study is the observation of a systemic activation of the metaboreflex system, with a significant supporting correlation between this reflex in the arm and in the leg (Figure 3 ). This suggests the presence of a common metabolic mediator that stimulates this reflex in patients with CHF, and which may be overproduced on exercise in this syndrome (such as, for example, lactic acid or a prostaglandin). This mediator is produced by the exercising muscle of the CHF patients and, through this reflex, determines overventilation on exercise and contributes to the impaired exercise tolerance. The identification of the exact nature of this mediator may open up new strategies for the therapy of symptoms in CHF.
Although a systemic muscle metaboreflex activation was present, this activation was more prominent in the arm, as demonstrated when percentage values were compared between leg and arm exercises. A possible explanation could be the limit of the methodology used ; in fact, although we can be confident to have obtained a full circulatory occlusion during the RCO phase in the arm, it is conceivable that this may not have been the case following leg exercise, where some circulation in the deep vessels may have continued, thus weakening and affecting the isolation of the reflex after exercise. This may also explain why only the reflex in the arm was a predictor of increased ventilatory response to exercise, i.e. the V} E \V} CO # slope ( Figure 2) . We also cannot neglect the possibility, as an alternative explanation, that in the larger muscle mass of the leg, other non-neural factors may contribute to the ventilatory response to exercise. This explanation is also in keeping with the concept that neural controls of the responses to exercise are more important when the muscle mass involved is less developed or in clinical conditions where muscle wasting is present, such as deconditioning [11] or CHF [13] .
It is worthwhile noting that, during both lower-and upper-limb exercise, CHF patients had higher V} E values and respiratory rates, although these patients performed less absolute work (as indicated by the lower V} O # values). This suggests the presence of a stimulus that may trigger increased ventilatory and sympathetic responses in this syndrome, such as the muscle reflex, which is responsible for the increased response on exercise observed in CHF.
Limitations of the study
Although limited numbers of patients and normal control subjects were assessed, we found that the muscle metaboreflex significantly predicted reduced exercise tolerance and an increased ventilatory response to exercise. This relationship is presented as evidence in support of, but of course not proving, a hypothetical mechanism linking derangements in reflex control to abnormal ventilatory regulation on exercise. Further systematic studies are necessary to fully elucidate the real nature of the association between abnormalities and augmented ventilatory responses to exercise.
We found that the methodology of RCO worked well for the smaller upper limb ; however, for the larger lower limb, we could not apply total occlusion due to the artery running deep in the limb which is supported by large muscle groups around it, and therefore full assessment of the metaboreflex was not possible. This may, at least partially, explain the difference in metaboreflex control observed between the two limb regions in both subject groups.
In the CHF group, the presence of higher ventilation during the resting phases before exercise compared with the control subjects (which persisted during and after exercise) may have several explanations. (1) The presence of a more pronounced anticipatory effect of exercise in the less trained CHF patients. (2) Increased sympathetic drive at rest due to higher circulating catecholamine levels. (3) A tonic overactivation of one or more of the reflex regulatory mechanisms, such muscle mechanoreceptors or metaboreceptors, or peripheral and central chemoreflexes ; this may contribute not only to sympatho-vagal imbalance but also to increased resting ventilatory drive [8, 13] .
Conclusion
Patients with moderate to severe CHF manifest a systemic metaboreflex activation on exercise, indicating that the metaboreflex is not limited to a single muscle region. This finding further supports the muscle hypothesis for symptom generation in this syndrome.
